We explore the possibility that the astrophysical neutrinos are produced in pp-interactions with a gas cloud near the source acting as a beam dump, which is sufficiently dense to significantly attenuate the associated gamma-ray flux through pair-production on this gas. In this way, such sources could potentially supply the astrophysical neutrino flux whilst avoiding the existing constraints on the non-blazar contribution to the extragalactic gamma-ray background. After defining our model, we implement a Monte Carlo simulation and apply this to different scenarios. First, we investigate a set of active galaxies which exhibit signs of obscuration. We find that, currently, the expected neutrino flux from these objects in our model is below the existing exclusion limits, but can already constrain the amount of protons accelerated in such sources. Second, we investigate the diffuse neutrino flux generated by a population of obscured sources. We find that such a population can indeed alleviate the tension with the extragalactic background light. We discuss the possibility that ultra-luminous infrared galaxies represent such a source class.
I. INTRODUCTION
While the presence of a high-energy neutrino flux has been firmly established in recent years by the IceCube Neutrino Observatory, the sources of these neutrinos remain unknown. Recently, the first neutrino source has been identified: the flaring blazar TXS 0506+056. However, sources such as this one are unlikely to be responsible for the bulk of the observed diffuse neutrino flux [1, 2] , although there is no consensus on this (see e.g. [3] ). IceCube analyses show no significant clustering in either the high-energy starting events [4] , which is a very pure sample at high energy, or the most recent all-sky point source searches using eight years of data [5] , which includes events at lower energy, but has more contamination by background.
The results from the all-sky clustering search indicate that the total diffuse flux is not dominated by a few individually powerful sources. However, it could still be dominated by a single source class, with blazars and gammaray bursts standing out as candidate sources, since they are rare and powerful enough to be well-detectable. Stacked searches for neutrinos from blazars [6, 7] , selected for their bright (gamma-ray) emission, has limited the contribution of these blazars to a few percent up to ∼ 30% of the diffuse neutrino flux, depending on the energy range and spectral index of the emitted neutrinos. Similarly, searches for neutrinos from gamma-ray burst in their prompt phase [8] , find results compatible with background, limiting the total contribution from such events to ≤ 1%.
Despite these null-results, it is possible to infer some general properties of the neutrino source population by combining the non-detection of such a population with the requirement that the sources still need to supply the detected astrophysical flux [9] [10] [11] [12] [13] [14] . Each individual neutrino source needs to have a low neutrino luminosity in order to not have shown up in any point source search. On the other hand, this means that the population needs to be sufficiently numerous in order to supply the detected astrophysical neutrino flux. These constraints already disfavour several important source classes as the (dominant) source of the observed astrophysical neutrinos, such as BL Lacs and standard FSRQ scenarios.
In addition to direct searches, possible neutrino sources are also strongly constrained by measurements of the (diffuse) gamma-ray flux, since neutrinos and gamma rays are produced together in proton-photon or protonproton interactions. A priori, one can use the extragalactic gamma-ray background (EGB) for this, since it is the total gamma-ray flux from outside our galaxy. However, tighter constraints can be achieved by subtracting known sources of gamma rays that do not contribute to the neutrino flux. Most of the EGB flux is due to blazars, whose spectra can typically be explained with leptonic emission only and whose total neutrino emission is constrained. Therefore, the gamma-ray flux associated to neutrino emission can instead be compared with the unresolved gamma-ray flux, the isotropic diffuse gamma-ray background (IGRB). Alternatively, one can also compare with the estimated (i.e. model-dependent) non-blazar contribution to the EGB, which attempts to also subtract unresolved blazars from the diffuse flux.
The comparison between the diffuse neutrino and gamma-ray fluxes gives very important constraints in the case of CR reservoir models, which feature ppinteractions. In such models, cosmic rays are confined in e.g. a starburst galaxy or galaxy cluster, such that the interaction probability becomes appreciable after integrating over the cosmic ray path length, while the produced gamma rays and neutrinos can escape unhindered. Earlier studies for pp-sources in general [15] and for starforming galaxies in particular [16] found that the neutrino flux observed by IceCube was compatible with the observed gamma-ray background for spectral indices α around ∼ 2.1. Later studies, however, disfavour starforming galaxies as the dominant source of neutrinos [17] . Using stronger constraints from the bound on the nonblazar contribution to the EGB, which is about 28% [18] [19] [20] [21] [22] [23] [24] , it is difficult to explain the neutrino flux without simultaneously violating this bound on the gamma-ray flux. This is due to the combination of two effects. First, the gamma-ray spectrum produced in pp-interaction goes down to low energy (since the energy required to for proton-proton interaction is almost trivially satisfied in the centre-of-mass frame). Second, during propagation, high-energy gamma rays initiate an electromagnetic cascade by interacting with the cosmic microwave background and extragalactic background light. Consequently, there is a build-up of lower-energy gamma rays in the 1-100 GeV band observed by Fermi-LAT [25, 26] . As a result, the diffuse gamma-ray flux in this band violates the existing bounds. More recently, however, a study of hadronically powered gamma-ray galaxies [27] , such as starbursts and ultra-luminous infrared galaxies, finds instead that a spectral index α < 2.12 is still compatible with all observations, including the most recent estimates of the non-blazar contribution to the EGB.
In pγ-source scenarios, there is a lower limit on the energy of the produced gamma-rays from π 0 -decay, such that their flux at lower energies, i.e. in the Fermi band, is only generated through the electromagnetic cascade. Therefore, the constraint from the above argument is slightly weaker (although dependent on specific models for the target radiation field). Still, given that the nonblazar contribution to the EGB is already constrained below 28% and bright gamma-ray blazars detected by Fermi are disfavoured as the main source of the neutrinos, a tension remains when considering the gamma-ray flux produced by pγ-neutrino sources. This tension can be resolved when considering photon-photon annihilation inside these sources, caused by the same radiation field as the one responsible for pγ-interactions. As shown in [28] , pγ-neutrino sources bright in X-rays or MeV gamma-rays (assuming these can escape the system unhindered) can be such sources. As a result of the many constraints above, conventional sources like gamma-ray bursts and active galactic nuclei bright in gamma rays are unlikely to form the dominant contribution to the diffuse neutrino flux. Instead, neutrino sources are likely dim in GeV gamma rays [28] .
In this context, we investigate a model of neutrino sources which are obscured in gamma rays, as well as Xrays, by a dense gas cloud with column density N 
H = 10 26 cm −2 close to the source. We envision a scenario where this dense gas gets bombarded by accelerated cosmic rays, acting as a beam dump. Such a scenario was first considered in [29] . We develop a Monte Carlo code to calculate the predicted neutrino and gamma-ray fluxes from such a scenario.
We apply our model first to a selection of active galaxies which are possibly obscured. We compare our predic-
FIG. 1:
Schematic representation of the model we consider for neutrino and gamma-ray production from pp-interactions of cosmic rays with a dense gas cloud near the cosmic-ray source acting as a beam dump. Due to the high integrated column density of the gas cloud, the produced gamma rays are also attenuated by the same cloud through Bethe-Heitler pair production. The relative size of the cloud and the source/outflow can vary. Note that while the figure features a jet, this is not a requirement for this mechanism to work and we do not initially assume its existence in our calculations.
tion with current constraints from IceCube and put constraints on the possible proton content of these sources under our model. Afterwards, we calculate the diffuse neutrino and gamma-ray fluxes from a population of obscured sources to investigate whether such a population of sources can explain the diffuse neutrino flux without exceeding the measured extragalactic gamma-ray background in our model. We find that our model indeed alleviates the tension. In this context, we also consider in more detail ultra-luminous infrared galaxies as a promising source category.
II. NEUTRINOS FROM OBSCURED pp-SOURCES
In this section, we introduce our model for obscured pp-sources, discuss the properties of the gas cloud and the attenuation of gamma rays near the source.
A. Model definition
In our model, we consider the setup shown schematically in Figure 1 . A source of accelerated cosmic rays is obscured from our line of sight by a sufficiently large and dense cloud of gas near to the source, which acts as a beam dump for accelerated cosmic rays. The cosmic rays interact hadronically with the gas in pp, pA, or AA-interactions, although we will only consider ppinteractions. In these interactions, neutrinos and gamma rays are produced. The gas cloud is sufficiently thick that the gamma rays can interact again with the remaining part of the gas column after their production, undergoing Bethe-Heitler pair production [30] . Therefore, the source can be hidden (or at the very least obscured) in gamma rays.
The amount of matter present in the gas cloud is expressed by the equivalent hydrogen column density N H , defined as the line-of-sight integral of the hydrogen den-
and denotes the amount of hydrogen atoms per cm 2 . The column density required for the gamma-ray attenuation at GeV energies and above to be significant can be estimated from the Bethe-Heitler pair production cross section with matter. Using the approximate value σ BH ≈ 20 mb = 2 × 10 −26 cm 2 , we see that we require a column density of approximately
While such a column density is rather high, we will motivate its use in Section II C. In this work, we explore the possibility that neutrinos are produced in highly obscured sources, investigating two benchmark values of the column density:
, which is easily motivated, or the higher value N (2) H = 10 26 cm −2 . As a consequence of this high column density, (nearly) all cosmic rays will interact with the gas before traversing the cloud, since the proton-proton cross section σ pp (starting at ∼ 30 mb and rising with energy, see e.g. the analytic expression in [31] ) is a few times higher than the Bethe-Heitler pair production cross section σ BH . Therefore, such a neutrino source would be a poor cosmic ray source, although similar but unobscured sources would still make excellent cosmic ray sources. The remaining gas column after interaction is sufficiently thick for secondary protons to interact with the cloud again, giving a slight boost to the total neutrino and gamma-ray flux, although this contribution will turn out to be negligible.
While the sketch in Figure 1 shows an AGN-like scenario featuring a jet, and we will apply the model to objects of this scale, the mechanism is not restricted to this case and we do not a priori assume the existence of a jet in our calculations. The only requirement is that there exists a compact source of accelerated cosmic rays obscured by a dense gas cloud near to the source. In principle, such a model can feature both transient and continuous neutrino production, although we restrict ourselves to continuous emission and assume that the configuration is stable for a sufficiently long time, where "sufficiently long" depends on the specific case under consideration.
The beam dump model considered here should be contrasted with cosmic ray reservoir models of neutrino production. There, cosmic rays have a significant interaction probability with the target gas only by integrating the gas density over the cosmic ray trajectory inside a galaxy or cluster, since cosmic rays are confined in these structures. Gamma rays, which are not confined, escape unattenuated. Instead, in our model discussed here, the interaction happens close to the source with a thin, but dense target (i.e. the cosmic rays are not confined to this region), such that the cosmic rays and gamma rays traverse the same gas column. On the other hand, cosmic ray accelerator models with a similar configuration (e.g. [32, 33] ) typically feature lower column densities, such that the gamma ray flux is either unattenuated or attenuated only by invoking a strong radiation field.
Another model with more similarities to our scenario but of a different scale is one of the microquasar SS433, where a supergiant star feeds a 10 M black hole [34] [35] [36] . Inside the jet, accelerated particles undergo ppinteractions with cold matter and produce both neutrinos and gamma rays. In this model, attenuation of gamma rays by both Bethe-Heitler pair production and photomeson production are taken into account, on top of the more standard γγ-annihilation.
Typical neutrino models consider sources from which strong non-thermal emission, usually X-ray or gamma ray, has been observed. Instead, our model features objects with obscured gamma-and X-ray emission. Therefore, strong sources can only be selected at radio or infrared wavelengths, where the presence of an accelerated particle population can also be inferred. The phenomenology of our model also differs from that of the hidden sources in [28] , where strong X-ray emission is required in order to attenuate the gamma rays.
B. Cloud dynamics
As already mentioned, often our source will feature a jet which is impacting the gas cloud. While we assume that this configuration is stable for a sufficiently long time, either on the observing timescale or a relevant period in the cosmological history of the source, eventually such a jet will break up the configuration if it is sufficiently strong at the location of the cloud. The exact physics depends on the location of the cloud, its total mass and the strength of the jet. A full study of this is outside the scope of this work. However, similar studies exist in the literature, which we briefly discuss here.
The interaction of a cloud of cold gas with a jet 1 was studied in [37, 38] . Due to the pressure of the jet, some or all of the cloud material can be blown away and swept up by the jet. Initially, the interaction will cause shocks in both the jet and cloud material, which can serve as a potential site for particle acceleration. As the material is swept up by the jet, eventually it will spread out and move along with the jet, at which point significant interactions between the cloud and jet cease. Depending on the kinetic energy of the jet and the mass of the cloud, the jet might be slowed down.
Several scenarios have been studied in the literature, often with a cloud or a star interacting with an AGN jet. Due to the scale of the cloud/star compared to the jet (i.e. typically much smaller than the jet at entry), these scenarios feature transient emission and have been invoked to explain gamma-ray flares in blazars [38, 39] . These models differ from the scenario we envision mostly due to the scale of the cloud, since we focus on a case where a possible jet is obscured for an extended amount of time 2 . Jet-cloud/star models have been used to explain the neutrinos from the blazar TXS 0506+056. The bright gamma-ray flare associated with a high-energy neutrino has been modelled using clouds with N H > 10 24 cm −2 present in the broad-line region of the blazar [41] . The electromagnetic cascade initiated by the pp-interactions (modelled using the analytical fits to the kinematic distributions of final state particles) ionises the cloud, which becomes optically thick for optical to X-ray photons while the gamma rays and the neutrinos escape. The SED at lower frequencies can then be explained with a second leptonic emission zone. This scenario can explain the observed neutrino and electromagnetic emission with moderate proton luminosity, in contrast with pγ-models which have a low interaction rate in order to avoid efficient γγ-annihilation and therefore require high proton luminosity. The neutrino flare during the quiescent state of the blazar has been explained with unbound layers from a tidally-disrupted red giant 3 [43] . In this case, the target has a column density of N H = 5 × 10 25 cm −2 , the same as our first benchmark point. Again, the cloud becomes ionised and is optically thick to X-rays, but now the Comptonised radiation field is also sufficiently thick to efficiently attenuate gamma rays through γγ-pair production.
There are additional models featuring jet-cloud/star interactions built only to explain gamma-ray emission. A model of jets interacting with a BLR cloud of lower density than those above was investigated in [44] . In [45] , particle acceleration is induced by a strong star wind and loss of mass of a star in an FSRQ jet. Another study investigates M87 TeV flares from jet-cloud interaction which accelerates particles and leads to ppinteractions [42] . Finally, in an alternative scenario for orphan flares, such flares are caused by the interaction of accelerated particles with star radiation inside jet blobs [46] .
C. High column densities
The column densities required for the gamma-ray attenuation to be significant are high compared to typical astrophysical environments. The average column density 2 In this sense, our model has some similarities with low-luminosity gamma-ray burst models, where the jet is stopped by a cocoon of matter [40] . 3 A red giant is necessary since only there the outer layers are sufficiently weakly bound to be blown away and interact with a significant portion of the jet [42] .
of our own galaxy is N gal H ∼ 10 20 cm −2 , driven mainly by the interstellar medium and not the compact objects (stars) within. On the other hand, Earth's atmosphere has a column density of 10 3 g cm −2 or N H ∼ 10 26 cm −2 , similar to the column density we are considering. Still, the latter is a compact object and thus not a good comparison for the viability of our scenario, although it is more appropriate as a comparison for the jet-cloud/star scenario. In order to have longer lasting neutrino production and obscuration, a more extended gas cloud is necessary.
Though rare, astrophysical environments with a gas column of the required magnitude do exist. As already mentioned in the previous section, models of AGN jets interacting with dense clouds possessing column densities up to 5 × 10 25 cm −2 have been invoked to explain the TXS 0506+056 neutrino and gamma-ray flares. More generally, supermassive black hole in AGNs are surrounded by gas and dust in the broad-line region and torus (for a review, see [47, 48] ). In case an AGN is observed edge-on, the central engine is frequently hidden from our view by the dusty torus. The column density of this torus varies and an AGN is generally considered obscured when N H ≥ 10 22 cm −2 . Below N H ∼ 10 24 cm −2 , the photon attenuation cross section in the 2-10 keV X-ray regime has the correct magnitude to probe this column density 4 . If the column density is higher than the inverse of the Thompson cross section, N H ≥ 1.5 × 10 24 cm −2 , the AGN is called Compton-thick [49] . At these values, the density can be probed by hard X-rays (E X−ray ≥ 10 keV), where Compton scattering dominates. However, for densities above N H = 10 25 cm −2 (heavily Compton-thick), the X-ray emission is suppressed even above 10 keV, since the photons are down-scattered by Compton interactions and subsequently absorbed. Other (indirect) methods need to be used to probe these obscuring columns (e.g. through reflected X-rays). In this way, Compton-thick AGNs have been found with column densities exceeding N H = 10 25 cm −2 [49, 50] . AGNs obscured by column densities significantly higher than 10 25 cm −2 are suspiciously missing from surveys. From the above discussion, it is clear that there is an observational bias against such highly obscured objects.
The Chandra X-ray Observatory [51] detects X-rays between 0.1-10 keV and has been used to detect obscured AGNs. An analysis fitting AGN spectra in Chandra Deep Fields with physical models, finds many highly obscured AGNs [52] . While their analysis corrects for observational bias, they are unable to constrain the number of AGNs with N H ≥ 10 25 cm −2 , since these sources are missed in their sample and therefore the missing number of sources cannot be determined. As such, sources of this kind may contribute to the heavily obscured AGN population. This agrees with earlier results presented in [53] . Other analyses do find multiple objects with N H ≥ 10 25 cm −2 , even up to N H ∼ 10 26 cm −2 in Chandra surveys [54] . Another analysis studies torus model properties [55] with an ultra-hard X-ray sample (14-195 keV) of Seyfert galaxies from Swift/BAT [56] , which can identify more strongly obscured objects. They find that even from such a selection, a population of the most obscured objects is still missing, agreeing with [50, 57, 58] .
An example of such an obscured source is NGC 4418, a luminous infrared galaxy (LIRG). It has a core bright in IR along with the deepest known silicate absorption, but it has not been detected in X-rays [55, 59] . Its inferred column density is N H > 10 25 cm −2 , with a spectrum consistent with AGNs as the main power source and showing similarities with ARP 220 [60] (which will end up as a source in the analysis of Section IV). Another analysis finds that an AGN is only allowed in case the column density exceeds this same value [61] .
While the objects above do have strong obscuration, this does not yet mean that the obscuring material is bombarded by cosmic rays or blocks a jet. However, there exist several models of tilted tori that envision such a scenario [47, 62] . We show that such configurations provide interesting sites for neutrino production through the model proposed in this paper.
It follows that, while extreme, column densities N H > 10 25 cm −2 in astrophysical environments are very likely to occur. Therefore, our lower benchmark value N (1)
25 cm −2 for obscured neutrino sources is compatible with the conventional view of various astrophysical objects. On the other hand, values much higher than this have not been observed, such that we consider our second benchmark N (2) H = 10 26 cm −2 as a more extreme, but still realistic, case.
D. Photon attenuation
In this section, we discuss the attenuation of photons at the source, in particular X-rays and gamma rays, since photons at these energies are sensitive to the presence of surrounding matter and their appearance is linked to high-energy particle acceleration and interactions. Since attenuation can be both due to matter and radiation, we discuss these separately.
Attenuation by matter
The interaction of X-rays and gamma rays with matter, which is the main attenuation channel in our model, happens through different processes. The photo-electric effect is important for soft X-rays traversing an unionised medium. For hard X-rays propagating through any medium, Compton scattering is important. Finally, for gamma rays, Compton scattering dominates at MeV energies, while at GeV energies pair production on either the electrons or the nuclei is dominant. The strength of these interactions depends on the energy of the photons and the target composition. For GeV gamma rays, which will be considered in this work 5 , the only relevant process is pair production, either on the nuclei or on electrons.
The target gas is expected to have a composition similar to the interstellar medium, which is dominated by hydrogen [64] . The hydrogen equivalent column density reported by astronomers, derived from spectral modelling, takes this composition into account. The total amount of matter in the column is then given by summing over all elements, with a density equal to N H times the abundance a Z of that element relative to hydrogen
see e.g. [65] , and the absorption models included in XSPEC [63] . However, given the dominance of hydrogen, we assume that the target is a pure proton gas when considering the interactions with accelerated particles 6 . For modelling the X-ray attenuation, this introduces a rather large error, since both photo-electric absorption and Compton scattering are strongly dependent on the target element. For our model, however, where we are mainly interested in the gamma-ray attenuation, this is a reasonable assumption, which we explicitly checked using attenuation cross sections retrieved from the XCOM database [67] .
The gamma-ray attenuation is dominated by BetheHeitler pair production [30] , the expression for which can be given as a series expansion in [68] (see also the review [69] and an earlier treatment in [70] ). The threshold for pair production is E
thres. BH
= 2m e c 2 . For the full pair production cross section σ BH (E γ ) (on proton and electron), we use this expression multiplied by 2. Since the cross section rises only logarithmically with the photon energy, the cross section is approximately constant with a value of σ BH ≈ 20 mb. This validates our estimation of the required column density N H in Eq. (2).
For high-energy gamma rays in matter, the interaction cross section with matter starts to decrease due to the "Landau-Pomeranchuk-Migdal" (LPM) effect [71] [72] [73] [74] [75] (see also the PDG review [76] ). This effect is due to destructive interference between amplitudes from different, nearby, scattering centres. However, for an astrophysi-cal gas cloud, the density is too low for this effect to be relevant, even if the integrated column density is high.
Another possible source of gamma-ray attenuation would be through photohadronic pγ-interactions. However, the cross section for this process is much lower than for pair production 7 and we will therefore neglect it (see also the related discussion in Section II E).
Attenuation by a radiation field
Gamma rays can also interact with a radiation field at the source and undergo pair production if the centre of mass energy exceeds 2m e , attenuating the gamma-ray flux. The optical depth to pair production depends on the number density of photons (i.e. the energy density of the radiation field). We can ignore this attenuation channel if the radiation fields at the cloud are weak enough for γγ-pair production. In case of a strongly radiating source (as will usually be the case), this means that the cloud can not be too close to the source. Otherwise, pair production on radiation will further decrease the gamma-ray flux.
Even if there is not a sufficiently strong radiation field present at first, it can be generated by the particle cascade initiated in the pp-interactions. Depending on the density and location of the gas cloud, the gamma rays and e ± -pairs produced in pion decay can initiate an electromagnetic cascade through repeated creation of photons through synchrotron radiation, bremsstrahlung, and inverse-Compton scattering and the creation of e ± -pairs through pair production. As a result, the cloud can become fully ionised and the photon field can become Comptonised. The cloud is then optically thick to X-rays (due to the free electrons) and the generated photon field can act as a target for gamma-ray pair production (see e.g. [43] ), decreasing the gamma-ray flux.
Since γγ-attenuation introduces a stronger model dependency, we do not take this additional attenuation channel into account. In that sense, the amount of gamma-ray obscuration we obtain in our model is conservative.
E. Model assumptions
In addition to intrinsic features of our model, we also make some further assumptions in order to reduce the parameter space. The cosmic-ray composition is considered to be pure proton, which is a reasonable approximation in the energy range relevant for IceCube. As already mentioned in Section II D, the target gas is approximated as pure hydrogen. Therefore, we can model the interactions as pure pp-collisions, without complications from nuclear effects.
We do not include additional sources of neutrinos or gamma rays, i.e. pγ-interactions and leptonic processes, since these are highly model dependent. Typically, pγ-interaction models require higher proton luminosities than pp-models to obtain sizeable fluxes 8 . Therefore, if pp-interactions are present, they can be expected to be dominant compared to pγ-interactions. Additional gamma rays can be produced in leptonic processes, such as through inverse-Compton scattering. Both pγ-interactions and leptonic processes increase the total gamma-ray flux. This increase is counterbalanced by attenuation through γγ-pair production on the intense radiation fields present inside the cloud (which we do not take into account), reducing the total gamma-ray flux. In addition, if the latter process is not dominant, it is safe to ignore photomeson production, since its interaction rate is roughly three orders of magnitude smaller than γγ-annihilation for the same photon field [28, 41, 77] .
We do not take into account synchrotron losses of the muons, pions and kaons. However, for the scenario we envision, these losses should be negligible: while the obscuring gas should be close to the source, it can not be too close, otherwise we need to take into account the effect of strong radiation fields on the gas. Therefore, if the gas is sufficiently far removed from the source, one can expect the synchrotron losses due to the magnetic fields to be negligible. Indeed, following the approach of [78] , we can estimate above which critical energy these losses become dominant (i.e. the timescale associated to synchrotron losses is shorter than the decay time), for an AGN jet scenario with the gas cloud at parsec scales. We find that this energy can easily exceed 10 6 GeV even for the magnetic fields associated to jets, using the magnetic fields found in [79] or higher; if no (strong) jet is present at the location of the cloud, magnetic fields are expected to be even weaker at the parsec scale.
Unless otherwise stated, the protons are assumed to follow an E −2 -spectrum, consistent with Fermi acceleration. However, this immediately implies that the predicted neutrino spectrum also follows an E −2 -spectrum, while IceCube observes a softer spectrum [4] . Therefore, the computation here can only serve to explain the observed neutrino flux above ∼ 100 TeV, while there must be a second, softer, component below this energy that we do not model.
With these assumptions and the choice of two benchmark values of N H , the only free parameters left are the normalisation of the injected proton flux (used in Section IV) or the resulting neutrino or gamma-ray flux (used in Section V) and the energy range in which the protons are injected. The maximum energy of the protons will be fixed at 10
8 GeV, which is sufficient to explain the neutrinos observed by IceCube without violating the limits at the highest energy. The minimum proton energy is determined by the acceleration mechanism. In the case of shock acceleration, one typically has E min p ∼ Γm p c 2 [80] , with Γ the Lorentz factor of the shock, which is the minimum energy with which the particles can efficiently participate in the acceleration process. Sometimes, also the value E min p ∼ Γ 2 m p c 2 is used [28] . Since we will consider AGNs as the central engine in the following, with Γ ∼ 10 − 30 [81] , we take E min p = 10 2 GeV. For an E −2 -spectrum, the final result is not very sensitive to the exact value of the minimum energy (as long as it is around the same order of magnitude), since the luminosity in this case is divided equal per decade of energy. More concretely, we have
resulting in only a logarithmic dependence on the minimum energy. Nevertheless, varying the minimum energy with more than an order of magnitude has a significant effect on the total normalisation of the flux. More importantly, if the spectral index deviates from 2, the luminosity quickly becomes very sensitive to the minimum energy, see also the discussion in [82] and Section IV B.
Since cosmic ray experiments are only sensitive to the maximum energy of extragalactic cosmic rays (below the knee galactic cosmic rays dominate), this is an important source of uncertainty. However, the choice we make above is theoretically well motivated.
III. CALCULATING THE ν AND γ-RAY FLUX
In this section, we describe the method for calculating the neutrino and gamma-ray flux for our model of neutrino production in obscured sources, before applying it to specific scenarios in the following sections. We perform the calculation in two ways. For the first one, we use analytical fits of the neutrino and gamma-ray spectrum from pp-collisions. For the second one, we use a full Monte Carlo simulation for the pp-interactions. For our final results, we use the Monte Carlo simulation, since it includes more details, while the analytical method serves only as a consistency check on our results.
The analytical calculation of neutrino and gamma-ray spectra from cosmic ray interactions with a cloud of integrated column density N H follows the method of [31] . These authors provided analytical fits to the neutrino and gamma-ray spectra using the meson spectra simulated with the Monte Carlo generators SIBYLL [83] and QGSJET [84] , with their subsequent decay to photons, neutrinos and electrons treated analytically. Note that using these fits, we have no access to the secondary proton spectrum and therefore can not implement the interactions of secondary protons. For simplicity, and because this calculation serves only as a sanity check, we implement the gamma-ray attenuation using the full column density of the cloud, ignoring that the gamma rays are created somewhere along the column and do not see the entire gas column.
These analytical fits are accurate and faster than performing Monte Carlo simulations. Nevertheless, a full Monte Carlo simulation was performed in order to model the neutrino production in more detail. The two main reasons are that this allows us to use an updated Monte Carlo generator for performing the pp-interactions and that in this way we have access to secondary protons, which can interact again with the gas column. We implemented our model with the Monte Carlo generator SIBYLL 2.3 [85] , which is an updated version of the code used for the analytical fits above. In particular, it includes the contribution from charmed meson decay [86, 87] , although this does not noticeably impact our results 9 . In the simulation, protons are propagated through a matter column of specified integrated density N H and allowed to interact using standard Monte Carlo techniques 10 . Initially, in order to build up sufficient statistics at high energies, we inject a proton with an energy which is drawn from a power law distribution following E −1 . Afterwards, events are reweighted to the distribution under study (∝ E −2 p unless otherwise stated). The mean free path of a proton of energy E p under ppinteractions propagating through a medium with density n is given by
which is determined using the cross section tables calculated by SIBYLL. The interaction point of a proton can be determined by sampling from the distribution
If this point is beyond the total depth of the gas column at the respective proton energy n λ,tot (E p ) = N H σ(E p ), the proton escapes and is saved in the final output. Otherwise, a collision is performed using SIBYLL and the final state particles ν α ,ν α , e ± and γ are saved, while secondary p, n and their antiparticles are allowed to interact again with the remaining column 11 . These secondary interactions have a minor effect. This is a simple consequence of the power law proton spectrum: the N secondary protons produced by a proton of energy E p carry on average a fraction x of the parent proton energy and are dominated by the primary protons at the lower energy xE p , which are more numerous by a factor
Since the sum of all secondary energies (including leptons and gamma rays) needs to total E p , we have xN < 1 and x < 1, so the primary protons are indeed dominant.
The decay of pions and other mesons to neutrinos is performed by the SIBYLL decay routines. In order to obtain a better accuracy, these decay routines are often replaced by analytical calculations or by interfacing the output to other codes like Pythia [89] . However, these inaccuracies are mainly important for air shower simulations, where the full particle spectrum of individual events needs to be well modelled. For our purposes, where we only care about the total neutrino spectrum, the SIBYLL routines should suffice. Neutrons are considered stable in this simulation (the additional neutrinos from their decay outside of the source are at low energy, since most of the energy goes towards to resulting proton).
The attenuation of photons, taking into account only the remaining gas column, is taken into account by reweighting each photon by
where n λ is the number of mean free paths the proton travelled before interacting (i.e. where the photon is produced) and n λ, tot (E p ) is the total number of proton mean free paths of the cloud for the energy of the parent proton.
Finally, the overall normalisation of the produced spectra is determined in different ways, depending on the scenario under consideration.
IV. OBSCURED FLAT-SPECTRUM RADIO AGNS
In this section, our model is applied to a set of AGNs selected for their possible obscuration by matter. We first review the object selection [29] which we use. Next, we discuss our normalisation, based on the measured radio flux from these AGN. Finally, we show the results and, using existing limits on their neutrino emission from IceCube [7] , derive limits on the cosmic ray content of these sources.
The original motivation for this object selection is the possibility of having AGNs with tilted tori [47, 62] . In this case, the jet can penetrate the dust torus, which has a considerable integrated column density, and produce neutrinos efficiently while being obscured in X-rays. However, the exact origin of the gas cloud is not important for the details of our calculation. We assume the cloud is stable on observation timescales (i.e. at least years). Due to the strong electromagnetic radiation from the jet, the cloud becomes ionised [29] . At the same time, these radiation fields also attenuate the gamma rays through γγ pair production, which we do not model. The gamma ray flux predicted is therefore an upper limit on the hadronic gamma rays. On the other hand, leptonic processes might create additional gamma rays. However, for this application, we are only interested in the neutrino emission from these objects and do not model their complete SED.
A. Selected objects
We investigate the obscured flat-spectrum radio AGN selected in [29] , which targets nearby sources which are candidate cosmic ray accelerators, feature beamed emission (i.e. a jet, so that all emission is boosted towards Earth) and which exhibit signs of obscuration by matter by selecting those objects with a lower-than-expected Xray luminosity, relative to the radio luminosity. Whereas X-rays are hindered by gas, radio waves can propagate through gas unimpeded. Moreover, radio emission is usually explained by synchrotron emission from a nonthermal population of electrons. Therefore, the radio emission from these sources characterises the strength of the inner engine. Under the assumption that the reduced X-ray emission relative to the radio emission is (mainly) due to attenuation by matter, these objects are potential strong neutrino sources through pp-interactions (in addition to the pγ-interactions, which we ignore).
The study in [29] first considers an unbiased set of nearby cosmic ray source candidates which exhibit signs of beamed emission towards Earth. Assuming that their original set consists of generic sources and that the observed spread in X-ray intensity relative to the radio intensity is due to the presence of gas and dust, they select the 25% weakest sources as heavily obscured, retaining 15 objects.
In order to estimate the fraction of interacting protons from the X-ray obscuration, we need to know the column density of the obscuring matter. This can be determined from the observed X-ray flux if we know which process is responsible for X-ray attenuation. At higher X-ray energies, this is always Compton scattering (which we already discussed in Section II D), but at 1.24 keV photo-electric absorption dominates if the electrons are still bound in atoms. Due to the strong radiation of these sources, however, the obscuring gas cloud is completely ionised for natural geometries. Indeed, following the analysis in [29] , for natural values of the cloud thickness and distance from the central engine, i.e. between 1 and 10 pc, and for typical values of AGN luminosity and ionisation, the cloud will be fully ionised due to Compton scattering. In this case, the column density leading to an obscuration in X-rays of ∼ 90% is N H ∼ 10 26 cm −2 . This also corresponds to the required column density for significant neutrino production to occur, since Compton scattering on hydrogen and proton-proton interactions have a similar interaction cross section. Using the Compton scattering cross section, the fraction of interacting protons derived in [29] for the objects in the selection above varies between 0.80 and 0.99, which corresponds to column densities N H ∼ 5 × 10 25 -10 26 cm −2 , exactly those we consider in our model.
An IceCube analysis was done for 14 objects [7] . Two objects from the original selection above were not analysed since they are located in the southern sky where IceCube has a lower sensitivity. On the other hand, NGC 3628 was added back in the IceCube analysis, since it was omitted from the original selection for its lack of X-ray emission above background, making it, however, an interesting target. The IceCube analysis finds no significant signal and gives an upper limit on the E 2 Φ-flux for each of these objects, assuming an E −2 -flux between 1 TeV and 1 PeV. The final list of objects, their classification and the limits on their neutrino emission are shown in Table I .
Finally, it is important to remark that since almost all objects in this selection are a subset of blazars, it is unlikely that sources from this class (i.e. "obscured blazars") are responsible for the bulk of the neutrino flux. However, this selection is interesting for two reasons. First, given the luminosity of these objects, they are good targets to test whether the model under consideration occurs in nature. Second, if the scenario is indeed applicable to these objects, the neutrino flux thus produced allows us to directly probe the amount of accelerated hadrons in these blazars.
B. Normalising the neutrino flux
In the following, we calculate the neutrino flux expected in our model for the objects in the final IceCube analysis cited above. We fix the column density to the benchmark values N (1,2) H , compatible with the values derived for the objects individually, and investigate the resulting neutrino production.
Given the choice of benchmark values of N H in our model, the only parameter left to determine in order to predict the neutrino flux from the set of objects selected above is the normalisation of the flux. The first selection criterion for the object selection presented in [29] was strong radio emission. Moreover, the radio flux is unattenuated by matter in between the source and the observer, giving a direct view of the inner engine, a feature which was also already exploited in this analysis. Therefore, it is natural to normalise the expected neutrino flux based on the radio flux.
The radio emission from astrophysical objects is typically attributed to synchrotron emission from accelerated electrons in the magnetic field of the source. Therefore, it is expected that the radio and electron luminosity are comparable in size. The exact relation between the radio and electron luminosities was derived in [33] . It is obtained by integrating the synchrotron emission from electrons of energy E e , or equivalently γ e , over the electron spectrum. Assume an electron spectrum
e , a minimum energy γ min e = {1, 10} (estimated from efficient cooling, i.e. strong radio emission of the electrons) and maximum energy γ max e = 10 9 -10 11 (corresponding to the assumption that protons are co-accelerated up to energies 10
18 -10 21 eV). For these limits of the electron energy, the authors of [33] 
over a large range of magnetic field strengths. Deviations from this value occur fastest for γ min e = 10, with significant changes starting at 10 G. Modelling the properties of bright Fermi blazars, one finds that typical magnetic field strengths are between 0.1 − 2 G for BL Lacs and 1-10 G for FSRQs [90, 91] . Since the objects in our selection are assumed to be typical, apart from their obscuration, we use χ = 100.
From the electron luminosity, we can obtain the proton luminosity, since these two species are co-accelerated. This has been discussed in detail by [82] , from which we will repeat the main arguments here. Typically, one assumes that the number of accelerated protons and electrons are equal 13 , N e = N p and that their spectral indices are the same. It is then straightforward to calculate the electron-proton luminosity ratio and this results in f e = Le Lp ≈ 1/100 [82, 92] , which is true also for the differential luminosity (i.e. independent of energy). This result is supported by observations from the galaxy: when comparing the observed electrons with cosmic rays up to the knee, one obtains a luminosity ratio 1/100. On the other hand, for extragalactic sources, this value is estimated to be closer to 1/10, obtained by comparing the observed radio luminosity with that of cosmic rays above the ankle. Since obtaining a more precise value requires extrapolating the extragalactic cosmic ray flux to energies below the ankle, with an unknown energy spectrum and minimum energy, this value is quite uncertain. Moreover, this extrapolation is dependent on the exact spectral index of extragalactic cosmic rays, which is still uncertain due to the degeneracy with composition and maximum energy. In case of a spectral index deviating from 2, the luminosity integral becomes very sensitive on the minimum energy, making a strong constraint on f e difficult. However, for sure f e 1. From particle-in-cell simulations, it is found that the assumption of equal spectral indices for protons and electrons might not be true. In this case the luminosity ratio becomes energy dependent, further complicating the conversion from electron to proton luminosity. In the following, we will assume a fixed ratio
which is conservative (i.e. relatively few protons). Summarising, in order to determine the expected neutrino flux from the objects in the selection above, we integrate the observed radio flux from each object individually and convert this to a proton luminosity
A proton population with this total luminosity is then allowed to interact with a gas cloud of column density
. Note that it is not needed to convert the observed flux to luminosity at the source, since the same factor d 2 L appears when propagating the obtained neutrino flux at the source back to Earth.
C. Results
In this section, we present the neutrino flux predicted by our model for the objects in the obscured flatspectrum AGN selection. For the simulation, we generate 5 × 10 4 events, with the proton energy between 100 GeV and 10 8 GeV and a spectral index of 2. The column density is set to either of the two benchmark values: N (1)
H = 10 26 cm −2 . As argued in Section II D, we include only gamma-ray attenuation at the source by matter, not radiation fields. While propagating to Earth, the gamma-ray flux is also attenuated by interaction with the EBL and CMB (this is discussed in more detail in Section V C). This attenuation, but not the full EM cascade to lower energy gamma rays, is included in the final gamma-ray flux 14 , using the optical depth τ (E γ , z) for gamma rays at the redshift of the source from [93] 
The hybrid spectral energy distribution (SED) for the object with the highest expected neutrino emission, 3C371, is shown in Figure 2, The figure includes the measured photon SED across all wavelengths, the predicted gamma-ray emission from pp-interactions, as well as the predicted muon neutrinos flux 15 and the IceCube limit on the muon neutrino flux from this object. The SEDs of the other objects are shown in Appendix A. The predicted neutrino flux for 3C371 is well below the limit from IceCube, such that our model is not ruled out and could only be observable with next-generation cosmic neutrino detectors, such as IceCube Gen2 (with an estimated improvement of the point source sensitivity with a factor of about five over IceCube [94] ). The gamma-ray flux from pp-interactions in this model is well below the observed flux from this object, leaving the model also unconstrained here.
The same conclusions are also true for the other objects in the selection. Their calculated neutrino fluxes can be found in Table II, Figure 3 , which also includes the flux in case the minimum proton energy is lowered to 1 GeV. For all objects, the predicted neutrino flux using natural choices for the values of the parameters χ and f e is below the limit placed by IceCube. Given the expected sensitivity of IceCube Gen2, however, some of these objects could be observable in the near future in this model. The gammaray flux is in each case well below the observed value, putting no constraint on the model. This also immediately implies that, for this class of objects, there is no constraint from the EGB, since their contribution is irrelevant compared to the blazar contribution already present. On the other hand, this also suggests that, even if this scenario were applicable to all blazars (which is certainly not true), the neutrino flux would not be high enough to explain the diffuse flux observed by IceCube.
The above results already allow us to put meaningful constraints on the only parameter which is not fixed by our model 16 : the electron-proton luminosity ratio, for which we took f e = 1/10. Translating the IceCube limit to a lower bound on f e (i.e. maximum amount of accelerated protons) in our model, we find a bound of f e ≈ 0.001 − 0.02. This is also shown in Table II and Figure 4 . Since the galactic value of the electron-proton luminosity ratio is f e ≈ 1/100, these constraints on f e within our model are already quite strong. The reason that these bounds are so strong, is that for the column densities considered here, the full proton population is depleted to produce neutrinos, as opposed to typical scenarios where only part of the proton flux interacts. The advantage of this was already discussed: even if such blazars are not the dominant source of astrophysical neutrinos, identifying a few obscured blazars gives independent constraints on the amount of accelerated protons in blazars.
Finally, we can also investigate an alternative calculation, where instead the predicted gamma-ray and neutrino flux are normalised to the observed gamma-ray flux as opposed to the radio flux. In the case of 3C371, this would lead to a neutrino emission comparable to the IceCube limit. However, in this case more detailed SED modelling is needed in order to explain the complete emission from this object. Moreover, not all objects in our selection have sufficient data to perform this analysis. Therefore, we refrain from doing this.
V. DIFFUSE FLUX FROM A GENERIC OBSCURED POPULATION
In this section, we calculate the diffuse neutrino and gamma-ray flux from a generic population of obscured sources. In particular, we investigate whether sources obscured by a gas with column density N (1,2) H can be responsible for the astrophysical neutrino flux measured by IceCube, without violating the bound on the nonblazar contribution to the EGB.
For this calculation, we will not be limiting ourselves to sources similar to those in the selection of Section IV. Instead, we consider a generic population of obscured sources characterised only by their evolution with redshift, while their total energy budget will be fitted to reproduce the observed neutrino flux. From generic arguments [123] , we know that a source class with a power TABLE II: Summary of the predicted muon neutrino flux compared to the upper limits on their muon neutrino flux (from [7] ), for the objects in the obscured flat-spectrum radio AGN selection in units of 10 Name 
Summary of the predicted muon neutrino flux in our obscured neutrino source model and the IceCube upper limits (from [7] ) for the objects in the obscured flat-spectrum radio AGN selection.
similar to the UHECR sources can reproduce the flux observed by IceCube 17 . The only requirement on the source configuration is that throughout the history of the universe, a sufficiently large, possibly changing, population 17 Although, as we will see, we will end up requiring a maximum proton energy of Ep ∼ 10 8 GeV in order to fit the IceCube flux and its upper limits at the higher energies. Therefore, these sources would not supply the UHECRs, but possess a similar energy budget.
of obscured sources exists. In our calculations, we do not assume the presence of a jet in such sources.
A. Populations
We consider the possibilities of redshift evolution following star formation, no evolution and the case of ULIRGs. One could also consider other scenarios, such as treating explicitly BL Lac and FSRQ evolution separately (see e.g. [14] ). 
Summary of the lower limits on fe for the objects in the obscured flat-spectrum radio AGN selection.
Star formation rate and flat evolution
First, we consider a redshift evolution following the star formation rate. This is a natural choice, since it follows the evolution of galaxies throughout the cosmic history. This is particularly relevant for GRBs and supernovae, since these events occur more frequently during star formation when many large stars with short lifetimes are formed. It is also relevant for AGN-and blazar-like scenarios, since during intense star formation there could also be efficient accretion around supermassive black holes in the centres of galaxies. Even if the true rate deviates from the star formation rate, it is still a good first approximation for the amount of activity in galaxies as a function of redshift.
The star formation rate is measured using different observables, such as the supernova rate, luminosity densities, limits on the diffuse neutrino background from supernovae and GRBs. The star formation rate is wellknown up to redshifts of z ≈ 1. At higher redshifts, measurements deviate, although the knowledge is improving. In the following, we will use the star formation history derived in [124, 125] . Its form is
with
The normalisation is such that H SFR (z = 0) = 1 and the function is continuous.
As an alternative to cosmic star formation, we consider also the simplest case of no evolution
2. Ultra-luminous infrared galaxies
In addition to the above generic scenarios, we will also consider in more detail the possibility that ultraluminous infrared galaxies (ULIRG) could be responsible for the astrophysical neutrino flux detected by IceCube through our model. ULIRGs showed up already in the object selection used in Section IV A, where ARP 220 was a candidate object in the final selection. ARP 220 is the most well-known and best studied ULIRG and is an object with a very high IR luminosity formed by the merger of two galaxies, with a very high column density of at least 10 25 cm −2 due to gas and dust. Its nucleus is possibly powered by an AGN, which must however be obscured and Compton-thick. [126] .
More generally, ULIRGs are defined as galaxies with extreme infrared luminosities L IR > 10 12 L (see e.g. the review [127] ). They are the mergers of gas rich galaxies, with the central regions harbouring huge amounts of gas and dust. The emission is caused by starburst activity (i.e. high star formation rate), and possibly also AGN activity, triggered by the merger [128] . It is believed that submillimetre galaxies are the high-redshift counterparts of local ULIRGs.
The abundance and importance of AGN activity compared to starburst activity in ULIRGs is still not completely clear. Surveys indicate that ULIRGs contain radio cores which are due to AGN activity [129] . In studies of local ULIRGs [130] , it was found that all of them require starburst activity to explain their emission, while only half require an AGN. Moreover, in 90% of the cases, the starburst activity provides over half of the IR luminosity, with an average fractional luminosity of 82%. The AGN contribution does not increase with luminosity. Other studies have found that over half of the ULIRGs contain an AGN, with the fraction increasing with total IR luminosity [131] . In [132] , it was found that only few ULIRGs are dominated by AGNs (5% at z ∼ 1 and 12% at z ∼ 2) although, at a given luminosity, the fraction of AGN activity is lower in high-z ULIRGs. In a 5 − 8 µm analysis [133] of local ULIRGs, signatures of AGN activity were found in ∼ 70% of the sample. While most of the luminosity is due to the starburst activity, ∼ 23% is due to the AGN, increasing with luminosity. More general, part of the emission of star-forming galaxies at high redshifts can be explained by AGN activity [134] . So, while AGNs are in general definitely not the dominant component of ULIRGs emission, their contribution is not negligible. Moreover, high obscuration of the central core may lead to underestimation of the AGN power [127] .
The exact interplay between the central AGN and the starburst activity is still unclear. Several scenarios are still possible: one could evolve from the other, trigger the other or their coexistance might be coincidental. Typically, the AGN and ULIRG activity is unified in an evolutionary scenario. Early on in the merger, starburst activity is high when there is still plenty of gas. This merger might also relate to the growth of a supermassive black hole and AGN activity at the core [135] . This was confirmed by observations of stellar kinematics [136, 137] . Later, when the gas is concentrated in a compact region in the centre, a starburst-ULIRG phase occurs. During the late merger state, there is a high accretion rate at the centre, giving rise to an obscured QSO 18 /AGN-powered ULIRGs, due to the huge amount of gas and dust driven to the centre. Afterwards, the galaxy enters its most luminous phase with an optically-visible QSO which drives out the remaining material [127, 138] . In this sense, neutrino emission from ULIRGs would have an interesting interplay with galaxy formation and evolution.
Estimates of the space densities of ULIRGs have been made by several groups. In [139] , they found at z = 0.15 that n = 3 × 10
L . This decreases with a factor 1.5 to lower redshift (z = 0.04), while it increase to Φ(L > 10
at z ∼ 1-3. A full luminosity function was derived in [140] , although their analysis is only sensitive to L IR > 10 12.3 L . In the same redshift range z ∼ 1-3, they find n > 6 × 10 −6 Mpc −3 . This leads to a redshift evolution
which we will use in the following, although other studies 18 Quasi-stellar object or quasar found more extreme evolution up to ∝ (1 + z) 7 for z = 0 − 1.5 [141] .
We will consider the central AGN, obscured by gas and dust driven to the centre by the merger, as a potential target for the obscured pp-neutrino production mechanism. ULIRGs have been considered before as the source of astrophysical neutrinos [27, 142] , but in the context of cosmic-ray reservoir models, through confined cosmic rays interacting with gas in the galaxy. Instead, we consider only neutrino production in a compact region near the core. This region can have a very high column density, despite the overal surface gas density of starburst being only about 1 g cm −2 , or N H ∼ 10 23 cm −2 , much lower than the densities required by our mechanism. However, this overal surface gas density is only valid for the overall gas density, which is derived using the Kennicutt-Schmidt law [143] [144] [145] relating the starformation rate with the gas density, and does not exclude the existence of local, compact objects or regions with higher densities. Finally, in our accelerator model, the cut-off of the proton and neutrino spectra can be at higher energy than in reservoir models, since there is no confinement criterion, although we will keep the cut-off at 10 8 GeV in order to not overshoot the IceCube flux at high energies. Now, we can estimate whether ULIRGs can provide the required luminosity to supply the diffuse neutrino flux. Using the more conservative value n ≈ 5 × 10
(integrating over luminosity) of the number densities quoted above, along with the minimum ULIRG luminosity L IR = 10 12 L , we estimate their local energy generation rate in the IR
Afterwards, this IR luminosity is converted to radio luminosity using the radio-IR relation for ULIRGs [146] . Using the thermal infrared luminosity L TIR ≡ L(8 − 1000 µm), the TIR/radio flux ratio is defined as
On average, this ratio has the value q TIR = 2.6, with no evolution in redshift. After obtaining L 1.4 GHz from this relation, we estimate the total radio luminosity as L R = 1.4 GHz × L 1.4 GHz . Using the relations in Section IV B, the radio luminosity can be converted into the proton luminosity (or energy generation rate) Q p = χ·Q R fe . We find
This luminosity is slightly below the value estimated in the Waxman-Bahcall calculation [123] , such that ULIRGs do not initially seem capable of explaining the full astrophysical neutrino flux. Moreover, in this calculation it was assumed that all of the ULIRG luminosity is related to AGN activity, while in reality the AGN contribution to the luminosity is at least one order of magnitude lower (integrated over all ULIRGs). On the other hand, we assumed that all ULIRGs have exactly L IR = 10 12 L , while many have higher luminosity. In addition, we used the standard value for the parameter f e , while it can easily be lower by at least an order of magnitude, increasing Q p by the same factor.
B. Diffuse neutrino flux
In order to obtain the total diffuse flux of neutrinos from all sources in the observable universe, we need to perform an integral over cosmic history or, equivalently, over cosmological distance. Following the method in [12, 147, 148] , the diffuse flux is given by (19) under the assumption that the redshift evolution can be factorised out of the luminosity function. The fac-
with Q ν the total injected neutrino luminosity per comoving volume. Its form is obtained from our numerical simulation, where the normalisation of Q Eν is free to be determined either by fitting the final diffuse flux Φ diffuse ν or by fixing the total injected proton luminosity.
The z-integral becomes energy-independent for the case of a power law spectrum 19 Q Eν ∝ E ν · E −γ ν and the previous assumption that the redshift evolution and Q Eν (E ν ) are independent. We then get
which can be solved numerically. The simplified formula for the final flux then becomes the standard result [123] 
For the case of γ = 2, we find ξ z = 2.4 for a redshift evolution following star formation H(z) = H SFR (z) (Eqs. (12) and (13)). For no evolution we have ξ z = 0.53 and for the case of ULIRGs, we find ξ z = 3.6.
19 I.e. this is no longer true once we include a cut-off (e.g. an exponential) in the spectrum. This agrees with the intuition that the contribution from the end of the spectrum changes with redshift. However, as long as we calculate the flux at an energy sufficiently far from the cut-off, the calculation for a power law is valid. For our own result, we use the full integral, which does not suffer from this subtlety.
C. Diffuse gamma-ray flux
In order to obtain the diffuse gamma-ray background from the neutrino sources considered here, an additional effect needs to be taken into account. During propagation, gamma rays can interact with the extragalactic background light (EBL) and the cosmic microwave background (CMB), producing an e + e − -pair. The gammaray flux from redshift z is thus cut off above the energy where the optical depth in the EBL becomes equal to 1. In turn, these electrons can up-scatter EBL and CMB photons back to gamma-ray energies through inverseCompton scattering or by emitting synchrotron radiation, initiating an electromagnetic cascade. In this way photons of energies above ∼ 100 GeV are reprocessed and accumulate at energies at and below 100 GeV, significantly increasing the flux at these energies.
We follow the procedure outlined in [11] in order to calculate the gamma ray spectrum after cascading in the EBL analytically. As described in [149, 150] , after the EM cascade has sufficiently developed, it attains a universal form given by (using G Eγ = E γ Φ γ in order to denote the cascade)
normalised to dE γ G Eγ = 1. Typically, β ≈ 2. The cut-off energy E cut γ is the energy where suppression due to pair production occurs. It can be obtained from the requirement 20 τ (E cut γ , z) = 1, for which we use the optical depth tables provided in [93] . The ε CM B , the cascade is not sufficiently developped and its exact form depends on the details of the injection. With far away sources, for gamma rays scattering in the Thompson regime one can assume a simple exponential cut-off e −τγγ for d > λ γγ with τ γγ (E γ , z) = d(z)/λ γγ (E γ ). On the other hand, in 20 As opposed to the formula in [150] , where an extra factor (1+z) is included in the energy. 21 This break energy is due to the lowest energy at which electrons are created that can up-scatter photons from the CMB through inverse-Compton scattering. From the energy loss rate of an electron through IC scattering and the number of photons scattered per unit time, one finds the average energy of scattered photons as γ ≈ 4 3 γ 2 e CMB , with γe the Lorentz factor of the electron. This roughly corresponds to the handwaving argument that the photons gains two Lorentz factors of energy: one from transforming to the electron frame (where scattering is easy) and one from transforming back.
the Klein-Nishina regime pairs are continuously supplied, giving a shape
as long as the pair injection length (λ BH ) is longer than d. For our purposes, we use the exponential form, although the exact details do not significantly influence our conclusion. For more details with a full numerical calculation of the cascade, see [151] [152] [153] .
Finally, the full diffuse spectrum is obtained by integrating the cascaded spectrum from each redshift and weighting with the injected luminosity from each redshift, giving
The factor Q γ is the total integrated luminosity in gamma rays per comoving volume injected by the sources (after attenuation by the gas column) and is obtained from our simulation.
From the integrand, we see that the dominant injection is from sources at z ∼ 1, so that we can estimate the diffuse gamma-ray flux as [11] 
with E γ G Eγ z=1 ≈ 0.1 between the break and the cutoff. Since the cut-off energy at z = 1 is about 100 GeV, there will be an accumulation 22 of gamma rays at this energy, which is then also typically the point most strongly constrained by the Fermi measurements.
In order to get the full spectrum, however, this simple approximation is not sufficient and we need to do the full integration of Eq. (23) numerically. As a consequence of this complicated integration over redshift, the gammaflux is sensitive to the details of the redshift evolution, in contrast to the neutrino flux where there is a degeneracy between the evolution (through ξ z ) and the normalisation.
We also verified the resulting spectrum ourselves with a numerical simulation using CRPropa 3 [154] and its DINT module, which follows the description in [155] . We find that the resulting spectrum has the same form.
D. Results
The diffuse flux for the different redshift evolutions above and the assumed column densities N with proton energy between 100 GeV and 10 8 GeV. The injected proton energy budget is then normalised by fitting the resulting neutrino spectrum (taking into account a flavour factor 1/3 after oscillation) to the single-flavour neutrino flux observed by IceCube [4] . The results of this calculation are shown in Figure 5 , where the gamma ray flux can be compared to the bound on the non-blazar contribution to the EGB (both the best fit (14%) and its weakest upper limit (28%) [18] [19] [20] [21] [22] [23] [24] ). These results can be compared with Figure 6 , which shows the result for the same situation in case there is no attenuation of the gamma rays. This comparison seems a bit artificial (although it serves only to show the effect of obscuration in our model), since these large column densities automatically imply that attenuation is present. Physically, it might be more relevant to compare with the case N H = 10 24 cm −2 if one is interested in the effect of the higher density. This change lowers both the attenuation of gamma rays and the fraction of protons that interact 23 , the latter of which needs to be compensated for by increasing the injected proton luminosity to fit the IceCube flux. In the end, only the neutrino luminosity normalisation and its correlation with the gamma ray luminosity are then important. On the other hand, in cosmic ray reservoir models, the protons effectively cross a high density target, while the gamma rays escape immediately. This then corresponds to the high density case shown here with gamma-ray attenuation turned off.
We find that in the case of a redshift evolution following star formation H SFR or the ULIRG evolution H ULIRG , the bounds from the non-blazar contribution to the EGB can be satisfied, as opposed to the case in which there is no attenuation, although in the case N The fitted proton energy budgets for all the cases are shown in Table III . For the case of ULIRGs, these can be compared with the optimistic estimate from Section V A 2. We find that even this estimate, which did not take into account that most of the ULIRG luminosity is due to starburst activity instead of a central engine, is about one order of magnitude too low. In order to explain the diffuse neutrino flux with objects like ULIRGs, other object classes are therefore necessary. The slightly less luminous LIRG 24 are candidates for this. On the other hand, the estimate also depended on the electron-proton luminosity ratio f e . Lowering this ratio can already in- crease the contribution from ULIRGs significantly. Finally, we show in Figure 7 results of the same calculation for a proton index γ = 2.1. In this case, only the highest density N (2) H = 10 26 cm −2 can marginally satisfy the constraints from the non-blazar contribution to the EGB for H SFR and H ULIRG .
VI. CONCLUSION
In this work, we investigated the possibility that AGN obscured by matter emit high energy neutrinos created in pp-interactions with a gas of a sufficiently high column density which acts as a beam dump. In thic case, neutrino production can be efficient, whilst the produced gamma rays can at the same time be attenuated through pair production by the same gas cloud. Here, we took as benchmark values for the column density N H = 10 26 cm −2 . First, we calculated the neutrino spectra emitted from a set of active galaxies whose electromagnetic spectrum can be explained with obscuration by matter. The selection, performed in [29] , searches for strong radio-emitting galaxies with a lower-than-expected X-ray flux. The resulting objects are mainly blazars, along with one radio galaxy and one ULIRG. The candidate class of obscured blazars, being a subset of blazars, is unlikely to be responsible for the bulk of the IceCube flux, since their number density is too low. Still, they are interesting targets to test the viability of our model. Moreover, neutrino emission from such objects would provide a simple measurement of the accelerated proton content of blazars. We found that the predicted neutrino emission from these objects is below the limit set by IceCube, leaving the model unconstrained. For several of these objects, the scenario can be tested in the future upgrade of IceCube, IceCube-Gen2, while for many of them the predicted neutrino flux is too low to be detected in the near future. On the other hand, current limits already allow to constrain the amount of accelerated protons in blazars, with values f e > 0.001-0.02.
Second, we investigated the diffuse neutrino and gamma-ray flux from an unspecified population of neutrino sources operating under our model. In particular, we tested whether obscured pp-neutrino sources can be the source of the IceCube flux without violating the bounds on the non-blazar contribution to the EGB. In the case of a redshift evolution following star formation or for ULIRGs, this is indeed possible for both N (1)
25 cm −2 and N (2) H = 10 26 cm −2 , although in the former case the gamma-ray flux is close to the EGB bound. In the case of no evolution with redshift, the EGB bound is violated. This conclusion is valid for a neutrino spectrum ∝ E −2 ν , which has trouble explaining the low energy events recorded by IceCube (although this can be solved with a second distinct population). In the case of steeper spectra, the constraints are more tight. Even for the thickest gas clouds considered here, the gamma-ray flux is just barely below the EGB limit.
We also discussed in more detail whether a specific source class of special interest for our model, ULIRGs, could be responsible for the IceCube flux. Since ULIRGs occur when two galaxies merge, neutrino emission from such objects could have an interesting interplay with galaxy formation and evolution. While the predicted neutrino and gamma-ray flux are compatible with observation 25 , a simple, optimistic, estimate of their the proton luminosity Q p of the complete population undershoots the required value. However, this conclusion depends on the electron-proton luminosity ratio f e , for which we assumed a conservative value 1/10. Taking lower values boosts the amount of accelerated protons, increasing the provided luminosity. Another possibility is that also the slightly less luminous LIRG contribute through the same scenario. In this sense, a separate analysis of the highly obscured LIRG NGC 4418 would be interesting.
Finally, the same scenario could also be applicable to other objects. One intriguing, though speculative, possibility is that AGNs in the early universe can produce neutrinos through our model when they first turn on. At this time, a lot of gas and dust is still surrounding the centres of galaxies, potentially providing an ideal target. While these early AGNs might not explain the full IceCube neutrino flux (even more so because then the connection with the observed total gamma-ray energy budget is less obvious), they could make up part of it. This high-z flux would constitute an unresolvable component of the total neutrino flux. Moreover, gamma-rays from such a high redshift would be cascaded down to lower energy than from z = 1-sources, such that the Fermi bounds from such a population are much less stringent. Moreover, like ULIRGs, such a scenario would tie neutrino production to galaxy formation and evolution. [4] , for a spectral index of 2 and proton energy between 100 GeV and 10 8 GeV. The non-blazar contribution to the EGB shows both the best fit value (14% of the EGB measured by Fermi [156] ) and the weakest upper limit (28%). [7] . Electromagnetic data (citations in Table IV ) retrieved using the SSDC SED Builder [122] . 
